It has long been known that environment has a large effect on star formation in galaxies. There are several known plausible mechanisms to remove the cool gas needed for star formation, such as strangulation, harassment and ram-pressure stripping. It is unclear which process is dominant, and over what range of stellar mass. In this paper, we find evidence for suppression of the cross-correlation function between massive galaxies and less massive star-forming galaxies, giving a measure of how less likely a galaxy is to be star-forming in the vicinity of a more massive galaxy. We develop a formalism for modelling environmental quenching mechanisms within the Halo Occupation Distribution scheme. We find that at z ∼ 2 environment is not a significant factor in determining quenching of star-forming galaxies, and that galaxies are quenched with similar probabilities when they are satellites in sub-group environments, as they are globally. However, by z ∼ 0.5 galaxies are much less likely to be star forming when in a high density (group or low-mass cluster) environment than when not. This increased probability of being quenched does not appear to have significant radial dependence within the halo at lower redshifts, supportive of the quenching being caused by the halting of fresh inflows of pristine gas, as opposed to by tidal stripping. Furthermore, by separating the massive sample into passive and star-forming, we see that this effect is further enhanced when the central galaxy is passive, a manifestation of galactic conformity.
INTRODUCTION
Galaxy colours have long been observed to be bimodal, with a 'red sequence' and 'blue cloud', with the 'green valley' separating them (e.g. Bell et al. 2004 ). Extensive work interpreting these galaxy colours has allowed a connection to be made to physical properties of the galaxies e.g. the stellar populations that make up the galaxies, their stellar mass and star formation rates (Bruzual & Charlot 2003 and many others) . It is established that the red sequence corresponds to a passive 'red and dead' population of massive galaxies, where star formation has ceased, and that the blue cloud corresponds to typically less massive galaxies that are still actively forming stars (Conselice 2014 ) -this observational result leads naturally to the question of what causes this peter.hatfield@physics.ox.ac.uk transition (referred to as 'quenching'), and where and when does it occur for which galaxies? Temporally, global star formation is known to peak around 6-7 billion years ago, and to have dropped off since (Madau et al. 1996 (Madau et al. , 1998 ; see Madau & Dickinson 2014 for a review). However, spatially, it is also known that, beyond redshift and stellar mass, the environment a galaxy is found in can have a large effect on whether it is quenched or not, the so-called 'colour-density' relation, that passive, redder galaxies are typically found in denser regions of the Universe. This holds even after controlling for the fact that more massive galaxies are biased towards denser regions, and is closely related to the 'morphologydensity' relation, that these passive galaxies in dense regions are typically elliptical, and the star forming galaxies in less dense regions are more likely to be spirals. This phenomenon was first investigated by Oemler, Augustus (1974) ; Davis & Geller (1976) ; Dressler (1980) and others, and now enjoys extremely robust and well studied measurements in the local Universe e.g. in the Sloan Digital Sky Survey (SDSS; Ball et al. 2007 ) and in the Two Degree Field Galaxy Redshift Survey (2dFGRS; Balogh et al. 2004 ). Extending our understanding of of the role of environment to higher redshifts (z ∼ 1 − 2) is active observational programme today e.g. Darvish et al. (2017) ; Fossati et al. (2017) .
What processes might give rise to these relations in the galaxy population? Key processes in galaxy evolution are often classified into 'nature' and 'nurture' effects, e.g. internal processes such as cooling and feedback versus interactions with other galaxies and the local environment -often a variety of processes are invoked to explain environmental-based observations. For example, many mechanisms involving removing the cool gas needed for star formation have been proposed to account for the observed quiescence in satellite galaxies around central massive galaxies. They range from strangulation (tidal effects from the gravitational potential allows the gas in the satellite to leave) and ram pressure stripping (removal of gas by 'winds' in the hot intra-cluster medium) to harassment (flybys from other galaxies) -see Hirschmann et al. (2014) for more details. The mass of the dark matter halo is also believed to have a key role in these processes; Hartley et al. (2013) suggest that because only a modest energy input is needed to keep the gas in the halo hot, there should be a critical dark matter halo mass that divides those that host passive and those that host star forming galaxies. A study by Peng et al. (2010) using SDSS and zCOSMOS (Scoville et al. 2007 ) take an empirical approach to modelling the build up of stellar mass in galaxies and conclude that quenching effects can be strongly distinguished into environmental quenching (e.g. satellite galaxy infall processes), merger quenching and mass quenching, an unknown process with strength proportional to the star formation rate which the authors speculate could involve active galactic nuclei (AGN) feedback. Understanding what gives rise to these independent 'environmental' quenching and 'mass' quenching effects is an ongoing challenge.
Although host halo mass is known to be important, it is also becoming apparent that it is not the only factor in environmental quenching. Multiple studies have reported correlations in the properties of nearby galaxies, even after accounting for halo mass, an effect now known as galactic conformity (e.g. Hearin et al. 2016a) . Galactic conformity typically manifests as correlations in the sSFR of galaxies spatially close e.g. a tendency for galaxies close together to either all be passive or all star-forming. More specifically, conformity can be broken down into 1-halo and 2-halo conformity (in analogy with the 1-halo and 2-halo terms in halo occupation distribution modelling). 1-halo conformity describes correlations within a halo, typically scales less than a megaparsec (see Weinmann et al. 2006 ) and 2-halo conformity describes correlations between nearby halos, typically on scales of more than a megaparsec, Kauffmann et al. (2013) . 1-halo conformity, although not perfectly understood, does not contradict the basic picture of dark matter halos as isolated environments; it is possible to imagine that it could be explained through galaxy interactions, AGN, and other mechanisms within the halo. 2-halo conformity is less straightforward and does not permit such a simple explanation for why correlations exist on such large scales, violating the usual assumption of the halo model that everything inside a halo only depends on the halo mass. A small 2-halo conformity would be expected from the fact that massive halos are typically clustered, and more massive halos typically contain more quenched objects, leading to objects being more passive on scales larger than their individual halos -but conformity appears to be larger than expected from this effect. Hearin et al. (2016a) suggest 2-halo conformity could be explained through large-scale tidal environments affecting individual halos and/or as a consequence of assembly bias, where the assembly history of a halo has an effect on its bias and also its contents. The most simple manifestation of halo bias is the result that at fixed halo mass, halos that were assembled earlier are more highly biased. Hearin et al. (2016a) suggest that the halos that are assembled earlier will contain older galaxies that are more likely to have used up their gas reservoir; these galaxies will be more highly clustered and we see this as 2-halo conformity.
Environmental quenching and the colour-density relation are typically studied either in the context of group and cluster catalogues or nearest-neighbour type density measurements. Conformity has typically been observed thus far through satellite density profiles and similar techniques e.g. Hartley et al. (2015) . Both the colour-density relation and conformity make up part of the statistical distribution of stellar mass and star formation and thus should be detectable in the correlation function. In Hatfield et al. (2016) we used the VISTA (Visible and Infrared Survey Telescope for Astronomy) Deep Extragalactic Observations (VIDEO) survey (Jarvis et al. 2013 ) to model the two-point correlation function and study the galaxy-halo relation. In this paper we use the same observation selection criteria and cuts, and a similar approach to the calculation of the correlation function, to investigate environmental effects. We seek to investigate this by looking at the cross-correlation signal between higher-mass and lower-mass galaxies, and then varying the star formation rates of the samples. This paper is organised as follows: first we summarise the sample selection made in Hatfield et al. (2016) , and discuss how we measure the cross-correlation function. We then measure the cross-correlation function for a series of sub-samples split by mass, redshift and star formation rate in the survey. Finally we interpret our results in terms of environmental quenching and conformity by incorporating a quenching model into the Halo Occupation Distribution (HOD) framework.
All magnitudes are given in the AB system (Oke & Gunn 1983 ) and all calculations are in the concordance cosmology ΩΛ = 0.7, Ωm = 0.3 and H0 = 70 km s
unless otherwise stated.
OBSERVATIONS
In this section we describe the optical and near infrared data used to select the galaxies in our sample, and provide information on the photometric redshift, star formation rate and stellar mass estimates that underpin our analysis. The selection and data reduction is the same as in Hatfield et al. (2016) and based on the VIDEO survey described in Hatfield et al. (2016) .
VIDEO and CFHTLS
The VIDEO Survey (Jarvis et al. 2013 ) covers three fields in the southern hemisphere, each carefully chosen for availability of multiband data, to total 12 deg 2 when complete. The 5σ depths of VIDEO in the four bands are Z = 25.7, Y = 25.5, J = 24.4, H = 24.1 and Ks = 23.8 for a 2" diameter aperture.
Our catalogue was constructed by combining the VIDEO data set with data from the T0006 release of the Canada-France-Hawaii Telescope Legacy Survey (CFHTLS) D1 tile (Ilbert et al. 2006; Gwyn 2012) , which provides photometry with 5σ depths of u * = 27.4, g = 27.9, r = 27.6, i = 27.4 z = 26.1 over 1 deg 2 of the VIDEO XMM3 tile (which will be joined by two other adjacent tiles). This data set (and the template fitting discussed in section 2.2) has already been used in many extragalactic studies to data (e.g. White et al. 2015; Johnston et al. 2015; Hatfield et al. 2016 ).
LePHARE and SExtractor
The sources in the images are identified using SExtractor, (Bertin & Arnouts 1996) source extraction software, with 2" apertures. Photometric redshifts, stellar masses and star formation rates used in this study were calculated using Le-PHARE (Arnouts et al. 1999; Ilbert et al. 2006) , which fits spectral energy distribution (SED) templates to the photometry. Further information on detection images used, detection thresholds and the construction of the SED templates is given in Jarvis et al. (2013) .
Final Sample
SExtractor identifies 481,685 sources in the 1 deg 2 with detections in at least one band. As outlined in Hatfield et al. (2016) , we remove sources in regions effected by excess noise and bright stars with a mask, Ks >23.5 magnitude cut, and colour cut around a stellar locus, following the approach of Baldry et al. (2010) , to remove stars. VIDEO has a 90 percent completeness at this depth (Jarvis et al. 2013) and McAlpine et al. (2012) estimate this colour cut leaves stars contributing less than 5 per cent of the sample. The final galaxy sample comprises 97,052 sources. Figure 1 shows our final sample in stellar mass-redshift space broken down into passive and star-forming, with the bold red lines delineating our sub-samples. Above the green curve is the part of the parameter space within which we can be very confident of completeness (see Hatfield et al. 2016 for a discussion of the calculation of completeness limits). Conversely the red dots represent objects where incompleteness may be a factor. Figure 2 shows a scatter plot of stellar mass versus specific star formation rate at the four redshifts considered in section 4.1 and 4.2, and the subsamples used -see fig.3 from Ilbert et al. (2015) for an example of similar measurements in the literature. There is likely some incompleteness at lower star-formation rates for low stellar masses in figure 2, but not in the stellar mass and star-formation rate bins considered in this work, as the completeness curve in figure 1 shows. When we divide by sSFR, we use log 10 sSF R ≶ −11, which was motivated by a combination of a need to have a large number of galaxies in each sample, as well as literature results for the divider between passive and main sequence galaxies e.g. Knobel et al. (2015) divide at log 10 sSF R = −11.25 at M = 10 11 M . We refer to samples as being 'passive' or 'star-forming' based on this divider in this work, although we acknowledge that this divider could include the lower portion of the main sequence in the passive sample under some definitions. Table 1 summarises the number counts and associated passive fractions. Star formation rates are derived from the templates used to construct the photometric redshifts (that is to say each template was constructed with a star formation history, and the star formation rate is that of the best fitting template). The sSFR values not taking certain values is an unphysical result of the fact that star formation rates are calculated from a discrete set of templates. See Jarvis et al. (2013) for a more in depth description of the templates used in the photometric redshift fitting.
As can be seen from Table 1 , the passive fraction is ∼ 0.65 at the lower redshifts, drops slightly in the 1 < z < 1.5 redshift bin and then rises again in the 1.5 < z < 2 bin. This is slightly unexpected -typically one would expect the passive fraction at fixed stellar mass to drop with redshift (e.g. Tinker et al. 2013) . We suggest that this high passive fraction at high redshift could be due to a) the difficulties of estimating star formation rates in dusty galaxies e.g. some of the 'passive' galaxies could actually be reddened dusty star forming galaxies and b) potentially cosmic variance on the moderately small samples sizes (see Fig.7 in Johnston et al. 2015) . When we require passive fractions in analysis in later parts of this paper, we use the more robust values (at the same stellar masses and redshifts) from Darvish et al. (2016) instead of those calculated directly from the number counts. This corresponds to marginally lower passive fraction values (but qualitatively identical redshift trends) over the first three redshift bins, as their colour cut likely corresponds to a slightly different sSFR cut, but correctly has a very low fraction at the highest redshift bin. We note that if we lower the mass limit (we are using comparatively small bins of mass-redshift parameter space) then the fraction of star-forming galaxies rapidly increases and the conventional trend is derived, in line with Darvish et al. (2016) . Number counts do not impact on the correlation function as long as the probability of being observed versus not being observed has no spatial dependence. The mass and redshift of galaxies, considered after application of the magnitude cut, star exclusion and mask, are shown here in blue. The red points mark the stellar mass limit for all objects that could be detected with our apparent magnitude limit of Ks < 23.5, and the green curve the implied 90 per cent stellar mass completeness limit, following the approach of Johnston et al. (2015) . The red boxes illustrate the redshift and stellar mass selected sub-samples that we consider in section 4,with the left plot corresponding to the passive sample, and the right hand plot the star-forming sample. Figure 2 . The mass and sSFR of galaxies in our final sample, in the four redshifts considered in section 4. The blue lines delineate the various samples. The initials indicate which section corresponds to each sample: 'P'=passive, 'S'=star forming, 'H'=high mass, 'L'=low mass Table 1 . Number of galaxies for each redshift, stellar mass, and star formation rate bin, with the associated passive fraction for the low mass galaxies from a) the number counts and b) Darvish et al. (2016) . H denotes our high mass (10.9 < log 10 (M min /M ) < 11.4) galaxies, PL the passive low mass galaxies, and SL the star forming low mass galaxies (10.4 < log 10 (M min /M ) < 10.9, log 10 sSF R ≶ −11). Note that these counts are actually the sums of the weights of the galaxies in each redshift bin (Hatfield et al. 2016 ).
Redshift Range
Ng ( The star formation properties of galaxies in VIDEO have been explored in other works (Zwart et al. 2014; Johnston et al. 2015) . However these works have not studied where the star formation is occurring.
THE ANGULAR CROSS CORRELATION FUNCTION

Background
A range of statistical measurements are used to study the spatial distribution of galaxies and to characterise clustering, including nearest-neighbour, adaptive kernel smoothing and Voroni tessellation methods (reviewed in Darvish et al. 2015) . In this study we focus on the two-point correlation function, a measure of how much more likely two galaxies are to be at a given separation than they would be for a uniform random distribution. Correlation functions are a useful probe because they are well studied, permit simple interpretations in terms of galaxy interactions and are closely related by Fourier transforms to the power spectrum. Correlation functions have already been used to probe the galaxy-halo connection in the VIDEO survey (Lindsay et al. 2014; Hatfield et al. 2016) . The underlying fundamental relation is the full spatial correlation function in three dimensional space; however we only have the galaxy locations in two dimensional angular space, and limited radial location information from the photometric redshift. The angular and redshift observables can be related to the spatial correlation function either by calculating the angular correlation function, and compare to angular projections of the spatial correlation function, or to use the redshift information to form the projected correlation function in both transverse and longitudinal directions (which incorporates redshift space distortions, which are normally integrated out), see Davis & Peebles (1983) and Fisher et al. (1994) . Here we focus on the angular correlation function as the projected correlation function requires very precise knowledge of the redshifts of the sample to avoid being biased, and is in general more appropriate for surveys with more accurate redshifts e.g. spectroscopic surveys.
Definition
The angular two-point correlation function ω(θ) is a measure of how much more likely it is to find two galaxies at a given angular separation than a uniform unclustered Poissonian distribution:
where dP is the probability of finding two galaxies at an angular separation θ, σ is the surface number density of galaxies and dΩ is solid angle. We require ω(θ) > −1 and lim θ→∞ ω(θ) = 0 for non-negative probabilities and for non-infinite surface densities respectively. If the two galaxies are from the same population, this is the auto correlation function. If they are from different populations, this is the cross correlation function.
The conventional way to estimate ω(θ) for the auto correlation function is with the Landy & Szalay (1993) estimator, which is based on calculating DD(θ), the normalised number of galaxies at a given separation in the real data, RR(θ), the corresponding figure for a synthetic catalogue of random galaxies identical to the data catalogue in every way (i.e. occupying the same field) except position, and DR(θ), the number of galaxy to synthetic point pairs. Szapudi & Szalay (1998) generalise this to the cross correlation function with:
where D1D2(θ) is the number of 'population 1' to 'population 2' pairs of galaxies at a separation θ, D1R(θ) is the number of 'population 1' to 'random' pairs etc.
The cross-correlation function can be used to demonstrate a physical association between two phenomena -or conversely the cross-correlation function can also be a useful check that two distributions are not correlated when they are not expected to be, in which case the cross-correlation should be consistent with zero. Coupon et al. (2015) for example cross-correlate galaxies at different redshifts to validate their photometric redshifts -different redshift bins should be causally separated parts of space and hence should have negligible cross-correlation. A non-zero cross correlation would correspond to cross contamination between the two bins.
The cross-correlation function has also been shown to have great potential in the context of the multi-tracer technique (Seljak 2009 ), in which galaxy samples which trace the underlying matter distribution in different ways are used simultaneously to constrain cosmological parameters with a greatly reduced contribution to the error budget from cosmic variance. Cross-correlations can also be used to make inferences about populations with no redshift information (e.g. un-matched radio sources) when correlated with a population that does, e.g. Fine et al. (2015) .
The literature is rich with approaches to modelling the auto-correlation function. To a fairly high degree of precision, a power-law can be fitted with a gradient of ∼ −0.8. More recently, Halo Occupation Distribution (HOD; Cooray & Sheth 2002) models of the 2-point correlation function have seen great success in galaxy evolution studies, and give physical results in agreement with other methods (e.g. Coupon et al. 2015; Chiu et al. 2016) . Models typically prescribe the mean number of galaxies in a halo as a function of halo mass and assume a) this occupation number has a Poissonian distribution and b) that these galaxies trace some choice of dark matter halo profile (possibly with a central galaxy at the centre of the halo). Then the HOD model, choice of halo profile, halo mass function and a halo bias prescription can be translated into a spatial correlation function, and then projected to an angular correlation function. The correlation function is split into a '1-halo' term of clustering within halos, and a '2-halo' term, of clustering between halos.
On large scales, viewing galaxies as biased tracers of the dark matter distribution in the linear regime, the cross correlation function can be easily modelled. The spatial autocorrelation functions of two galaxy samples in the linear regime are ξ galAA = b 2 A × ξDM and ξ galBB = b 2 B × ξDM, where bA and bB are the galaxy biases of the samples, and ξDM is the dark matter correlation function. The crosscorrelation between the two samples on linear scales is then ξ galAB = bA × bB × ξDM e.g. the geometric mean. On these scales the cross-correlation function does not provide any additional information than that contained within the two auto-correlation functions e.g. ξ 2 galAB = ξ galAA ×ξ galBB . This can be exploited to estimate the bias of samples that are too small to measure the auto-correlation function (e.g. crosscorrelate radio galaxies and IR galaxies as in Lindsay et al. 2014 , cross-correlate galaxies and galaxy-groups as in Knobel et al. 2012) . Simon et al. (2009) show how to extend the HOD approach to the cross-correlation function with the joint halo occupation distribution (JHOD) model. Within conventional HOD, the 1-halo term is constructed by finding the contribution to the clustering from each halo mass, and weighting by the halo mass function (HMF). The contribution from each halo mass is the convolution of the halo profile with itself, weighted by N 2 , where N is the average number of galaxies in a halo of that mass. For a crosscorrelation function, this weighting is instead replaced with NANB , where NA and NB are the average numbers of galaxies of type A and B in a halo of that mass. Effectively the two auto-correlation functions provide information about N 2 A and N 2 B , and the cross correlation gives you information about NANB i.e. on small scales the crosscorrelation does provide information not contained within the two auto-correlation functions (ξ 2 galAB = ξ galAA ×ξ galBB ).
In particular it gives you the covariance of the two occupations. This can be scaled to lie in [-1,1] e.g. for a given halo mass, members of the two samples are never found together (-1), occupy the halos independently (0), or are always found together (+1). Its impact is on the 1-halo term of the crosscorrelation function, to enhance it when galaxies are always found in the same halo, and dampen it when the galaxies are rarely found in the same halo. Simon et al. (2009) fitted the auto and cross correlation functions for red and blue galaxies simultaneously. They also investigated the effect of allowing red and blue galaxies to lie on different profiles, in which case the 1-halo crosscorrelation function is proportional to the convolution of these different halo profiles. These two approaches ('JHOD' introducing covariance into how the galaxies occupy the halos, and altering the profiles the different samples followed) have the same prosaic effect of modelling different galaxy types having an affinity (or not) to be nearby, but are mathematically distinct; Simon et al. (2009) conclude that the two models were broadly degenerate for the levels of precision explored in their work.
Application to Environmental Quenching and Conformity
As discussed in section 1, the star formation rate of galaxies is believed to be tied to the environment within which they live e.g. Woo et al. (2013) and Gabor & Dave (2014) track how the quenched fraction changes as a function of radial location in the halo and the halo mass. This, as part of the description of the spatial distribution of galaxies, must play a role in determining the correlation function, but is not typically included in modelling of correlation functions. Most HOD studies typically just make measurements as a function of luminosity/stellar mass e.g. Coupon et al. (2015) ; Hatfield et al. (2016) . Some (e.g. Coupon et al. 2012; McCracken et al. 2015) model the auto-correlation of the whole galaxy population, and then the passive galaxy population, finding that the passive galaxies are typically found in higher mass galaxies, but is not typically linked to measurements of the passive fraction etc. Related to the idea of environmental quenching, conformity refers to the observation that nearby galaxies have correlated star formation rates. Again, this is an observation about spatial distributions of galaxies, so correlation functions seem well suited to describe them. We suggest a potentially valuable way of observing environmental effects (including conformity) in what we call here the 'environment tracer method'. We take a 'tracer' population, which in some sense is believed to trace, or even cause, some particular environment, and a 'follower' population, which has its properties predominantly decided by the environment it finds itself in. In this paper we choose the tracer population to be massive galaxies, as only these have the ability to have a large impact on their environment, and lower mass galaxies as the follower population. We then measure the cross-correlation between the tracer and follower populations as a function of their properties e.g. the specific star formation rate of each population. This allows us to see if the properties of the follower population are effected by the properties of the tracer population -comparatively lower power in the cross-correlation means the follower population is inhibited by the tracer population, comparatively high power in the cross-correlation means the follower population is preferentially found near the tracer population. We note that the cross-correlation function is formally symmetric between the two populations; the distinction between tracer and follower population is purely one made for ease of discussion and comparison.
We can investigate for example how other measurements of conformity translate into the environment tracer method. In figure 10 of Weinmann et al. (2006) , the fraction of satellite galaxies in a halo found to be late or early is measured as a function of halo mass, for a variety of samples. They found that, at fixed halo mass, the late (early) fraction increased when the central itself was late (early). The natural equivalent to look at this through correlation functions is to see the impact on the cross correlation of massive galaxies and less massive galaxies, when the massive sample is split by type (early/late). We would expect a reduction in the amplitude of the cross correlation from massive lates to low mass early types, and vice versa. In figure 2 of Kauffmann et al. (2013) , the median sSFR of galaxies as a function of a distance from a massive central galaxy is measured. They find that the median sSFR increases up to radii of 4 Mpc when the sSFR of the central is increased. The environmental tracer method equivalent again is to make the central massive galaxies the tracer population and the other galaxies the follower population. We would then expect the crosscorrelation function to be enhanced when the populations have correlated star formation rates.
RESULTS
Our approach is to measure galaxy interactions/the effect galaxies can have on each other through the environment tracer method. When we calculate RR for our estimation of the correlation function we use 500,000 random data points in the 1 square degree. For the uncertainties on the correlation functions, as per Hatfield et al. (2016) , we use 100 bootstrap resamplings to estimate the uncertainty by taking the 16th and 84th percentiles of the resampling. We also, as in Hatfield et al. (2016) , estimate the correlation function a) using the kernel smoothing method discussed in that paper b) using the weights system of Arnouts et al. (2002) to account for uncertainty in the redshift estimates (shown by Asorey et al. 2016 to reduce bias) and c) treating the integral constraint as part of the model.
The High-to Low-mass Cross-Correlation Function
In this section we use the environment tracer method as described in section 3.3, with higher mass galaxies (10.9 < log 10 (Mmin/M ) < 11.4) as the tracer population, and lower mass galaxies (10.4 < log 10 (Mmin/M ) < 10.9) as the follower population. We then measure the cross correlation function between the tracer and follower populations, and sub-divide the follower population by star formation rate (log 10 sSF R ≶ −11). We do this for four redshift bins: 0.4 < z < 0.75, 0.75 < z < 1.00, 1.00 < z < 1.50 and 1.50 < z < 2.00. Redshift range choices were motivated by the desire to obtain a similar number of sources in each bin.
In figure 3 each subplot shows the cross-correlations for a different redshift bin. Each curve is the cross correlation between our 'tracer' massive galaxy sample, and a low mass 'follower' sample. The red curve shows the cross-correlation when the low-mass sample is passive, and the blue curve star forming.
In our highest redshift bin (1.5 < z < 2), although the error bars are large, there is no significant difference between the two curves, on all but the smallest scales. This indicates that, although there may be different number densities of the passive and star forming low mass samples, there is no significant difference in their geometric distribution around massive galaxies, both within the halo of the massive galaxy, and in the nearby halos i.e. there appears to be no environmental effect on star formation in the low mass galaxies, apart from the central ∼ 0.1Mpc around the massive galaxy.
1 . This result is robust to moderate changes (∼ 20 percent) in choice of sSFR cut, so choice of cut does not unduly influence our conclusions.
At the intermediate redshifts, 1 < z < 1.5, there is substantial enhancement of the cross-correlation with the passive low-mass sample, compared with the star forming low-mass sample, out to a projected radius of 0.2 Mpc, roughly the length scale of the halos hosting the massive galaxy sample. We interpret this as a clear signal of quenching associated with the environment of the massive galaxy sample.
However for the lowest two redshift bins, we see the enhancement extends to all scales that we can probe with the 1deg The cross-correlation function signal between low mass (10.4 < log 10 (M min /M ) < 10.9) and high mass (10.9 < log 10 (M min /M ) < 11.4) galaxies in VIDEO in four redshift bins. The low mass sample is selected to be passive (log 10 sSF R < −11) for the red curves, and star forming (log 10 sSF R > −11) for the blue curves. At the highest redshift, the two curves are very similar; the role of environment in determining star formation rate seems to be small. At 1 < z < 1.5 the passive low-mass galaxies are more clustered around the massive galaxies, but only on small scales. In the 0.75 < z < 1 and 0.4 < z < 0.75 bins, the enhancement has reached the larger scales, and is substantial on all scales.
and sSFRs at 1.5 < z < 2 as 0.4 < z < 0.75. This means we are not tracing the 'same system' over time, as a galaxy of M ∼ 10 11 M at z ∼ 2 will have a substantially larger mass at z ∼ 0.5. The logical alternative to our approach would be to use evolution models motivated by simulations and theory to attempt to track systems over time. We chose not to take this approach mainly on the grounds that the underlying physical process behind quenching to which we want to probe should be redshift independent e.g. statements like "a galaxy of star formation X has its star formation reduced by a factor of Y when it enters environment Z" should not depend on the time at which the event occurs. A given process may be more or less prevalent at different redshifts, but underlying physics of the processes should not change.
Selection by SFR in the Massive Sample
We now split our environment tracer sample by specific star formation rate. This is more challenging, as the star-forming fraction of the massive sample is much smaller, using the same divider of log 10 sSF R ≶ −11. We measure the effect just in our two middle redshift bins (0.75 < z < 1.00 and 1.00 < z < 1.50) to explore this effect, due to number count constraints.
In fig. 4 , the top two panels are at 1.00 < z < 1.50, and the bottom two sub-plots at 0.75 < z < 1.00. Each subplot is the same as in Fig. 3 (e.g. the red corresponds to passive low mass sample and blue corresponds to the star forming, low mass sample), except there is also sSFR dependency in the massive sample. In the left two panels the massive sample is selected to have a low sSFR, and in the right two panels, is selected to have high sSFR.
At both redshifts, when the massive central galaxy is passive, we see qualitatively similar behaviour to that pre- . The cross-correlation function signal between low mass (10.4 < log 10 (M min /M ) < 10.90) and high mass (10.9 < log 10 (M min /M ) < 11.4) galaxies in VIDEO at two redshifts. Red denotes when the low mass galaxy is passive (log 10 sSF R < −11), blue denotes starforming (log 10 sSF R > −11). In the left two plots the massive galaxy is passive, and the right two the massive galaxy is starforming (with criterion log 10 sSF R ≶ −11).
sented in fig 3 - the passive massive samples have passive low-mass galaxies more clustered around them than star-forming low-mass galaxies. However there is essentially no enhancement when the massive galaxy is star-forminglower-mass galaxies are equally clustered around them, suggesting that they have a similar passive fraction when near a massive star forming galaxy to the total population. In other words, at fixed central stellar mass, the lower mass satellites have lower star formation rates if the central is passive, to if the central is star forming. Furthermore, it appears that the size of the effect increases from 1.00 < z < 1.50 to 0.75 < z < 1.00.
This illustrates what conformity looks like in crosscorrelation functions. Massive passive galaxies have lower mass passive galaxies much more clustered around them than lower mass star forming galaxies. Massive star-forming galaxies appear to have no star formation rate dependence for how satellites are clustered around them. In Section 4.3 we describe a way to advance our understanding of the role of the environment, while also controlling for halo mass, by incorporating these effects into the HOD formalism.
Note that this is a measurement of 2-halo conformity at z ∼ 1, in the sense that there are correlations between star formation rates of galaxies on scales larger than individual halos. However it is not (yet) evidence that this is above and beyond just what one would expect from the fact that massive halos are typically near to other massive halos and galaxies are typically more passive in massive halos. Further modelling is needed to investigate if there is a conformity effect suggestive of large scale quenched areas from assembly bias or tidal environmental effects on intermediate scales between individual haloes and the larger linear scales.
Modelling Quenching Effects Directly
Given these results, we seek a way of modelling them within the HOD framework. We note that the two innovations of Simon et al. (2009) , allowing covariance of the red and blue galaxy occupation numbers, and allowing red and blue galaxies to trace different profiles, are both ways of modelling red and blue galaxies 'not liking' being together; effectively an interaction term where galaxies are more likely to be passive when nearby to other passive galaxies -in other words conformity. Our approach is to model the impact of this interaction on the correlation function from a quenching mechanism directly. We briefly discuss a toy model building on Simon et al. (2009) here.
Radial Dependence of Quenching Within a Halo
A reasonable fiducial model for the location dependence of the probability of a galaxy being quenched is that it either depends on radial distance from the centre of the halo, or it depends on distance to some other quenching source (a more massive galaxy, an AGN etc.). Three distinct scenarios (illustrated in figure 5 ) then arise in the context of our earlier example:
• Quenching depends on the separation of both galaxies, and both populations trace the halo profile
• Quenching depends on the radial distance to the centre of the halo, both populations trace the halo profile
• Massive galaxy/AGN sits at centre of the halo, impossible to distinguish between quenching coming from the massive object, or from radial distance to the centre of the halo We denote the probability of being quenched in either of these scenarios as Q(r), and use the parametrisation:
with 0 < K < 1, 0 < S < 1, 0 < rQ, 0 < a. This parametrisation is chosen to have galaxies quenched with probability S when they are at the source of the quenching, and quenched with probability K when they are far away. The length scale rQ describes the scale of this transition, and a how sharp this transition is. Correspondingly, the probability of being star forming is 1 − Q(r).
In conventional HOD modelling, galaxies are assumed to trace the profile of the halo, which we take to be a standard Navarro-Frenk-White (NFW, Navarro et al. 1996) profile.
The 1-halo term is then proportional to the convolution of the profiles each sample traces. If a galaxy is a 'central' then its 'profile' is taken to be a Dirac delta at the centre of the halo (this is the distinction between the central-satellite and satellite-satellite parts of the 1-halo term). We now discuss how to model each of our quenching scenarios within this framework:
Scenario 1 is the only scenario which is not equivalent to just modifying the profiles the samples trace -the other two are still symmetrical around the centre of the halo. The convolution of two NFW profiles is the probability of finding two galaxies at that separation. This pairing is then a massive-passive pair with probability Q(r) and massive-SF with probability 1 − Q(r). Thus we have for the cross correlation of the massive environmental tracer population to low-mass passive galaxies:
and for the cross correlation of massive to low mass star forming galaxies:
Calculations involving NFW profiles such as these are commonly done in Fourier space, as an analytic expression for a NFW profile exists (Scoccimarro et al. 2001) , and the convolution can be done as a multiplication. Note that this has a knock-on effect to the profiles the actual galaxies trace, with galaxies towards the centre of the halo preferentially being quenched (assuming that Q increases for small radii!). The passive low mass galaxies will then trace a profile
and the star-forming low mass galaxies a profile
This is due to the fact that the probability of the low mass galaxy being at a given point in the halo is proportional to the NFW profile. Then, once it is 'placed' there, the probability of being quenched is proportional to the integral over all space of the probability of being quenched, given all the possible places the massive galaxy can be.
Note that these expressions describe the global profiles of galaxies in halos of the given mass -individual halos will not necessarily be symmetric. Because of this complication, the auto-correlation is not just the convolution of this profile. To see why, imagine one dimensional halos in a one dimensional universe. Half the halos have two galaxies, each at a radius of 1 megaparsec away from the centre of the halo (e.g. at -1 and 1 if 0 is the centre of the halo). The other half of the halos have some sort of physical process that makes galaxies be at a radius of 0.5 megaparsecs (at -0.5 and 0.5). The true one-halo auto-correlation function of this universe would have peaks at 1 and 2 megaparsecs, the only physical separations galaxies are found at. However the 'profile' has galaxies at -1,-0.5, 0.5 and 1. Taking the convolution of this would leave one to the mistaken conclusion that the autocorrelation function should have peaks at 0.5, 1, 1.5 and 2. This is another way of saying that averaging to find a profile and convolution do not commute. The correct way to find the auto correlation function in the 1D model is to find the auto correlation function for each halo, and then average, as opposed to averaging the halos, and then finding the auto correlation function.
Scenario 2 and Scenario 3 can be modelled by altering the profiles the lower mass galaxies lie on. Now they are just Figure 5 . Illustration of the three possible ways for quenching to have spatial dependence within a halo. In each figure, the pale green symbolises the extent of the dark matter halo. The black star represents the centre of the halo. The large red circle represents a high mass galaxy, that may or may not be affecting the star formation rate of lower mass galaxies, denoted by the smaller dots. The shaded pale red area denotes 'quenched areas'. The lower mass galaxies are passive (denoted by being red) when in the quenched area, and star forming (denoted by being blue) when not. In Scenario 1, galaxies are preferentially quenched when near the massive galaxy, and the massive galaxy traces the halo profile. In Scenario 2, quenching is associated with proximity to the centre of the halo, and again all galaxies trace the dark matter profile. In Scenario 3, the massive galaxy is located at the centre of the halo, and quenching is associated with proximity to the centre of the halo, which coincides with the massive galaxy.
probabilistically passive or star forming depending on their radial location in the halo e.g. ρpassive(r) ∝ Q(r)ρDM(r) and ρSF(r) ∝ (1 − Q(r))ρDM(r). Then when the massive galaxy also traces the halo (Scenario 2), we obtain:
for the correlation with the passive low-mass population, and
for the for the correlation with the star forming lowmass population. When the massive galaxy is always found at the centre of the halo (Scenario 3), the second NFW profile in the convolution collapses into a Dirac delta, and the terms become:
for the massive central to passive low-mass galaxies cross-correlation and
for the massive central to star forming low-mass galaxies cross-correlation. All three scenarios of course come with several assumptions. They all assume that the two low mass samples lie on 'complementary' distributions e.g. the sum of their profiles adds to an NFW. Scenario 1 assumes that there is only one galaxy causing quenching within the halo, in practice there would be higher-order corrections for the small fraction of halos containing a higher number of quenching galaxies.
Note that in all three cases, the quenching mechanism gives a natural prediction for the fraction f of quenched low mass galaxies: f = r 2 ρpassive(r)dr r 2 ρpassive(r)dr + r 2 ρSF(r)dr .
This gives a fairly natural way to 'unify' the two models described in Simon et al. (2009) , as the modified profiles dictate the expected number of galaxies in the halo when another galaxy sample is present. For example, the case where the occupation numbers are different, but the passive and active galaxies still trace the same profile, is described by S = K, and the relative amplitude between the two profiles changes, without changing the shape of their profile.
We summarise the profiles, auto-correlations and crosscorrelations for each Scenario in table 2. Figure 6 shows the three scenarios for several models. We use the same halo model for each plot, scale radius 1Mpc, and compactness parameter 10.
Note that necessarily if a profile or correlation function is larger on small scales it must be smaller on large scales, as they are normalised to have total weight of unity. All the panels in Fig. 6 are normalised, and the cross-over sometimes occur out of the range plotted. However typically the amount by which the flatter distribution is greater than the more compact one on large scales is tiny, as it adds up to a greater probability due to it being weighted by r 2 when integrated over the whole volume.
The auto-correlation functions for Scenario 1 as discussed above do not present a straightforwards analytic expression that the authors can identify. However, it is still possible to calculate, by a Monte-Carlo method. We sample a location within the halo for the massive galaxy to be. We then sample two locations for the lower-mass galaxies to be, and sample whether they are passive or star form- ing. When a pair of the correct type is found, their spatial separation is recorded, which essentially allows DD to be constructed. The auto-correlations for Scenario 1 in Figure  6 are constructed in this manner.
In the first quenching model in Figure 6 , there is no radial dependence for quenching. The profiles the galaxies trace are NFW, the auto-correlation function is its selfconvolution, and the cross correlations are the NFW selfconvolution in Scenario 1 and 2, and the convolution of NFW and a point for Scenario 3 (the standard central-satellite term.
In the second quenching model, there is a slight increased tendency for galaxies to be quenched at small separations (either from each other, or from the centre of the halo depending on the scenario). It can clearly been seen that on small scales passive galaxies become more concentrated at the centre of the halo. This has corresponding effects on the auto and cross-correlations, both being enhanced/depressed on small scales. The third quenching model shows the same, but the characteristic length scale for quenching is a lot larger, and the enhancement can be seen to hold on larger scales. The fourth quenching model shows a perhaps more realistic model, giving measurables closer to the data. In particular, we can see that, Scenario 1 has a larger impact on the differences between the cross-correlations than on the auto correlations, and Scenario 2 has a larger impact on the auto correlation differences.This shows potentially how they could be distinguished. The fifth quenching model is identical to the fourth, except swapped, in the sense that galaxy star formation is enhanced when close to other galaxies/the centre of the halo, and, as expected, we just get the inverted result.
The sixth model shows an extreme case, where galaxies are quenched with certainty at separations closer than the characteristic quenching scale. This causes the profile of the star forming galaxies to go to zero below a certain radius in Scenario 2 and 3, as no galaxies can be star forming in the centre. The auto correlations are enhanced/depressed to different degrees, as normal. But the cross correlations show the most interesting case. For Scenario 1, the cross correlation for star forming galaxies goes to zero, as massive galaxies are never seen near to star forming galaxies. Similarly for Scenario 3, but in Scenario 2, there is still some cross-correlation, as it is still possible to find massive galaxies near star forming galaxies when they are both away from the centre of the halo.
This illustrates that, within the context of this model, judicious measurements of auto and cross correlation functions can allow one to distinguish between different quenching powers, models and scenarios.
What is the physical interpretation of the three scenarios? In Scenario 1 quenching is dependent on physical proximity between the galaxies. Detection of quenching within a halo being geometrically distributed in this manner could reasonably be interpreted as supportive of quenching mechanisms like splashback, tidal stripping, harrassment, an AGN heating up its vicinity, and so on. Conversely, for Scenario 2, quenching is dependent on location within halo, and the correlation functions being supportive of Scenario 2, could be interpreted as quenching mechanisms like ambient temperature in the halo heating the gas in the galaxy. Scenario 3 is the case when the two coincide geometrically because the massive galaxy is at the centre of the halo, which makes it harder to distinguish mechanisms in the simple version of the model discussed here.
The reason in this work we do not also fit for the autocorrelations is that there will be contributions from other halo masses, which complicates matters because a) the quenching mechanism is likely halo and stellar mass dependent b) the number of quenching sources is no longer fixed at one. However we propose that the future direction of inquiry attempts to model the cross and auto correlation functions simultaneously, which we discuss further in section 5.3.
The language used in this paper is motivated by results such as Woo et al. (2013) , who suggest that quenching is associated with location in a halo, or proximity to another galaxy. However we note that it may be possible to get similar geometric arrangements of galaxies without there being a physical interaction causing this effect -perhaps passive satellite galaxies were in more massive halos before they were accreted, and that when these halos become sub halos they are more likely to be concentrated towards the centre of the larger halo by some mechanism of the sub-halo dynamics. Furthermore, our "characteristic quenching scale" is purely a 'measured' dependence, which is not necessarily the same as the physics of the actual mechanism because the motion of the satellites within the halo could 'smear' the signal e.g. suppose an AGN quenches star formation in every galaxy within 0.1 Mpc, e.g. Rawlings & Jarvis (2004) , galaxies will Figure 6 . An illustration of the consequences of different quenching models within our formalism. First row: probability of being quenched as a function of spatial separation. Second row: profile of galaxies within a halo. Third row: auto correlation of galaxy samples. Fourth row: cross correlation of low mass to high mass galaxy samples. Full lines correspond to Scenario 1, dashed lines to Scenario 2, dotted lines to Scenario 3. All functions (described in table 2) normalised, red corresponds to passive and blue to star forming where appropriate. The differences between the Scenarios are clearly much more prominent in the cross-correlations than the auto-correlations for all models.
be observed to be quenched at larger radii than that because their orbit might take them close to the AGN, permitting them to be quenched, but then move them further away again.
Note that this formalism still strictly describes quenching and conformity within a halo. Hearin et al. (2016a) suggest their decorated HOD model may be able to explain 2-halo conformity though. In addition, our quenching parameters are strictly dependent on the sSFR cut to divide into star forming and passive, and will in general be different for different sSFR and stellar mass cuts. In a scenario where galaxies were passive at the centre of a halo, and got progressively more star forming towards the outside, one might expect rQ to increase as one increased the sSFR cut.
The Halo Model
Halos are non-linear small scale overdensities in the dark matter density field caused by collapse when an overdensity reaches a critical amount -in this sub-section we discuss the model and parametrisation of halo profiles that we use in our model. Both theoretical considerations and N-body simulations suggest that NFW profiles (Navarro et al. 1996) describe halo density profiles well. NFW profiles are parametrised by a scale radius Rs which denotes scale of transition from the inner r −1 density profile and the outer r −3 density profile, a virial radius within which the dark matter has virialised, a compactness parameter which denotes the radius between the two, and a characteristic density which links to the halo mass. As the untruncated NFW profile has infinite total mass (is unnormalisable), halo models typically assume that galaxies only lie within the virial radius and that the halo density drops to zero at this point. Note that it is necessary to make some sort of sim-ilar assumption, otherwise the probability of finding galaxies within some radius is proportional to the mass enclosed within this radius, which is finite compared with the infinite mass as the radius extends to infinity. The total mass of the halo is then the density integrated over the sphere with radius Rvir.
There are multiple different prescriptions describing how halos of different masses and compactnesses link to overdensities in the global dark matter field (e.g. see Coe 2010 , for an overview). We use the parametrisation described in Coupon et al. (2012) . In this formalism, the critical overdensity ∆(z) required for virialisation is taken from Weinberg & Kamionkowski (2003) , the relationship between the scale radius and the virial radius is given by Rvir = c × Rs, with c a function of halo mass and redshift as given in Coupon et al. (2012) .
Fitting Quenching Models
We seek to model the environmental role of quenching to our observations using our results for the 1-halo term we developed in section 4.3.1. The theory as developed there only describes the 1-halo term resulting from galaxy interactions for a single halo mass. To fully model the cross-correlation function this must be generalised (as in conventional HOD) to include all halo masses, which is likely not straightforward as the quenching power is likely to be a function of halo mass, and the mass of the galaxy it is acting on. However our massive galaxies live in massive halos, where the HMF is dropping off quickly, which allows us to approximate that the 1-halo term is dominated by galaxies in a small range of halo masses.
Models based solely on Scenario 1 and 2 produced extremely poor fits and were in general unable to reproduce our results, suggesting the massive galaxy must typically be at the centre of the halo (one can see by eye in figure 6 that if there is no central galaxy the one-halo term is very shallow at small radii). This is consistent with the results of Hatfield et al. (2016) that ∼ 90 per cent of galaxies of these stellar masses at these redshifts are central galaxies. The general expression for the one-halo central-satellite term is
(see Coupon et al. 2015 , where we remove the factor of 2, as we are considering cross correlations and don't need to account for each pair being counted twice), where n(M ) is the normalised HMF in counts per cubic comoving megaparsec per unit mass, ρ is the normalised density of the profile per cubic comoving megaparsec, ni is the comoving number density of each type of galaxy, Ncen is the expected number of centrals, Nsat the expected number of satellites.
Because the satellite number rises as a power law, and the HMF drops off as an exponential, the integral is dominated by a relatively small range of halo masses, so we can take the profile dependence on halo mass outside the integral, and not consider the complication of halo mass dependence on quenching power etc. This leaves: (14) where M dom is the dominant halo mass probed. We take ρ(r) to be a normalised NFW, modified as per Scenario 3, and calculate the integral assuming the halo occupation measured in Hatfield et al. (2016) , modifying the ni appropriately. In particular we take Nsat = f ×NHOD, where f is the implied fraction of satellite galaxies quenched according to equation 12 and NHOD is the number of satellites in a halo of that mass implied by the HOD fits in Hatfield et al. (2016) . If we were doing a simultaneous fit of both occupation numbers and a quenching mechanism, we could take ni and NHOD to be properties of the model, but this ansatz will suffice for our purposes.
Equation 13 shows amplitudes of the profiles depend on the passive fraction of the population as a whole, and the passive fraction of the galaxies in the vicinity of the massive galaxy. In general for our measurements, the overall amplitude is set by the halo mass the interactions are taking place in, and the ratio R between the two cross-correlations in the 1-halo term is set by:
where f P E is the passive fraction of the low mass galaxies in the environment traced by the massive galaxies, f P G the same fraction globally (e.g. for all low mass galaxies), and f SF E and f SF G the corresponding star forming fractions. Once our one-halo cross-correlation term is constructed, we then add the two-halo term. We then project into angular space using the source redshift distribution and subtract the integral constraint, described in Beutler et al. (2011) , i.e.. the integral constraint is part of the model.
In total we have seven parameters to describe each individual set of measurements: two large scale cross biases, four parameters to describe the galaxy interactions, one parameter for halo mass. We use emcee 2 (Foreman-Mackey et al. 2013) to provide a Markov chain Monte Carlo sampling of the parameter space to fit our correlation functions. We use a uniform prior over 0.5 < b 2 ×1 < 9, 0.5 < b 2 ×2 < 9, 11 < log 10 (M h /M ) < 15, −2 < log 10 rQ < 0, 0 < S < 1, 0 < K < 1 and 0 < a < 3 (that is to say uniform in log space for mass and squared space for the biases). We used 20 walkers with 1000 steps, which have starting positions drawn uniformly from the prior.
Our likelihood is calculated using χ 2 from both clustering measurements:
where ω obs pas is the observed massive to passive cross correlation function data, ω model pas is the corresponding model correlation function, σw ipas is the error on these measurements, θi are values of theta fitted for, separated by more than the smoothing length used to estimate the correlation function (with SF corresponding to star forming for the other variables).
Results of the quenching model
We show the data and corresponding fits for our four redshift bins in Figure 7 , and the triangle plot for the MCMC run of our 1 < z < 1.5 redshift bin in Figure 8 to highlight the typical posterior probabilities for each parameter. Moderate quality fits are obtained that capture the key features of the data. Figure 9 shows the corresponding implied probabilities of being quenched as a function of radius within the halo. The dashed lines show the global probability (the fraction of all galaxies that are passive, see table 1) of the low mass galaxies being quenched at that redshift.
At the highest redshift, the galaxies are no more likely to be quenched when inside the environment associated with the massive galaxy, than out of it. At intermediate redshifts 1 < z < 1.5 there is moderate radial dependence for likelihood of being quenched -on the outskirts of the halo environment the probability of being quenched is ∼ 0.4 (similar to the global passive fraction at this redshift), but this rises to ∼ 0.6 in the centre of the halo. However by the lowest two redshift bins (0.4 < z < 1), the lower mass galaxies are preferentially quenched in halos hosting massive galaxies (a passive fraction of ∼ 0.75 within the halo, versus ∼ 0.5 outside), with very little radial dependence within the halos.
As mentioned in section 2.3, we have used global passive fractions from Darvish et al. (2016) ; slightly different choices of passive fraction would lead to slightly different best fit models, but the overall qualitative behaviour would not be altered. In particular the fact that the cross-correlation functions overlap for the highest redshift bin means that the global passive fraction and the passive fraction in the massive galaxy halo must be similar for those redshifts 3 . Furthermore the small-scale behaviour of the highest redshift cross-correlations 'hints' at some small radial dependence, but the modelling does not favour it a) because of the relatively large error-bars and b) the small-scale passive lowmass to high-mass cross-correlation does not 'up-turn' to match the observed 'down-turn' in the star-forming lowmass to high-mass cross-correlation.
We show in Fig. 10 the halo mass of the best fitting profile for each redshift bin, which can be seen to increase with time. This mass should not be directly interpreted as the halo mass that all the galaxies are in (typically the galaxies are found in a range of halo masses), but as the mass corresponding to the scale at which non-linear effects are needed to describe the cross-correlation functions. We interpret this increase as resulting from evolution in the HMF; at high redshift, the more massive halos are rare, and lower mass group environments are being predominantly probed as they are more common. At lower redshifts, the higher mass halos aren't as rare, and as the more massive halos have more satellites in them, they become more dominant in our measurements, meaning that non-linear effects extend to larger radii. Higher mass haloes correspond to larger radii both because a) higher mass haloes have larger virial radii, but also b) because satellite-satellite contributions start to play more of a role for higher mass haloes (which have galaxy pairs at up to twice the virial radius), as opposed to just the central-satellite contributions considered here (which only have galaxy pairs up to one virial radius). Hatfield et al. (2016) reported that Mmin, the halo mass required to form a central galaxy, was ∼ 10 12.5 M for galaxies with stellar masses corresponding to our 'high mass' sample, and M1, the halo mass required to host satellites, to be ∼ 10 13.7 for galaxies with stellar masses corresponding to our 'low mass' sample. Thus our halo masses in Fig. 10 of ∼ 10 12.5−14 M (virial radii of ∼ 0.4 − 1Mpc at z = 1) seem reasonable for central-satellite interactions between galaxy samples of those two stellar mass ranges. Increasing satellite-satellite contributions towards low redshift means that our assumption that all massive galaxies are centrals becomes less accurate for our lower redshift bins, which potentially impacts on our result of little quenching radial dependence within haloes. This effect is likely small, as the satellite fraction is still < 10 percent (Hatfield et al. 2016 ) for our massive galaxies in our lowest redshift bin, but our radial dependence measurements should still be treated with appropriate caution. Table 3 shows the cross biases of our measurements. Note that these are not the biases of each sample of galaxy, they are the cross biases, which is the geometric mean of the biases of the two samples being cross-correlated. Typically we would expect that at a given redshift the higher mass sample would have a higher bias than the lower mass sample, so the cross bias will be between the two values. In each redshift bin the masses of the two samples are unchanged, it is just the star formation rate of the lower mass sample that is changed. We see a general trend of bias increasing at high redshifts, from b ∼ 1 at z ∼ 0.6 to b ∼ 2.5 at z ∼ 2, which is consistent with measurements in McCracken et al. (2015) and Hatfield et al. (2016) . However we see that in our highest bin, the biases are essentially the same regardless of the star formation rate of the lower mass sample, but diverge for lower redshifts, consistent with what we had qualitatively described in section 4.1. The cross-biases ought Our 'environment tracer' measurements and best fit model at our four redshift ranges. The solid lines are the data; the cross correlations of massive to less massive galaxies, red when the low mass galaxy is passive and blue when star forming. The error bars are the 16th and 84th percentiles of the estimator. The dashed lines correspond to the best fit model using the quenching modification to the 1-halo term.
not be directly compared to the best fit M h values -the cross-biases depend on the biases of the two galaxy populations as a whole (dominated by central-central pairs of the high-and low-mass galaxy samples), whereas the M h values specifically correspond to halos that have members of both samples (dominated by central-satellite pairs of the highand low-mass galaxy samples).
In terms of length scale of quenching rQ and sharpness of transition a, little/no constraints can be made, as typically little radial dependence for quenching probability is found. In table 3 one can see that typically values of around 2 are found for a, meaning that changes in quenching probabilities span ∼ 2 orders or magnitudes i.e. no sharp transitions.
We also model the results of section 4.2 when splitting by sSFR in the massive galaxy sample, see figure 11 . We see that galaxies are preferentially quenched when the massive galaxy is passive as opposed to star forming.
DISCUSSION
Summary of Results
Our results in sections 4.1 and 4.2 show that targeted crosscorrelation measurements (the 'environment tracer' method) can be used to probe the environmental quenching and galactic conformity noted in other measurements. Modelling this within the HOD framework shows that we are probing group environments of ∼ 10 13.5 M halos, which have a massive galaxy at the centre, and 1-2 satellites of lower masses, which agrees with Viola et al. (2015) .
The measurements made over a range of redshifts suggest a coherent 'timeline' of the role of environment/the colour-density relation over the age of the Universe. The data suggests that environmental quenching is not a significant factor for the galaxies under consideration in this study at z ∼ 2, if it was there would be differences in the clustering that depended on the star formation rates of the galaxies. In the 1 < z < 1.5 bin, environmental quenching has started to play a role on scales smaller than ∼ 1Mpc, and by z ∼ 0.5 environmental quenching has played such a part that passive galaxies are found in dramatically different environments to star forming galaxies of the same mass and have different biases etc.
We included in our model the probability of a galaxy being quenched having a radial dependence within the halo; however for the most part we found that the data favoured a flat probability at lower redshift, with moderate radial dependence at 1 < z < 1.5. Our radial dependence measurements at low redshift should be appropriately caveated, as discussed in section 4.3.4. There are several possibilities for why this may be. It could be that the motions of the satellites within the halo quickly smear out any signal of spatial dependence of quenching e.g. satellites are preferentially quenched in the centre of halos, but then quickly move out again, weakening the signal. Alternatively it could be possible that quenching is associated with time spent in a halo; Smethurst et al. (2015) finds that galaxies closer to the centre of a group halo were quenched earlier. This time dependence, combined with the fact that sub-halos accreted earlier are typically found towards the centre of the halo 4 , could mean that at z ∼ 0 a radial dependence is observed as there is a large range of accretion times of sub-halos, but at the comparatively early times probed in this study there was a much smaller range of accretion times for sub-halos, limiting the possible radial dependence.
Our results show that the satellite quenched fraction Table 3 . The constraints on our quenching and bias model from our MCMC results. The errors are the 16th and 84th percentiles of the posterior. The cross biases are labeled by what pairs of samples they correspond to; H-PL corresponds to the high mass sample to low mass passive sample, H-SL the high mass to low mass star forming sample. . The quenching probabilities implied by our MCMC parameter fitting for the four redshift ranges is shown in red, i.e. the probability of the lower mass galaxies being quenched as a function of radial location in halo. The full thick and two thin lines are the pointwise median and 16th and 84th percentiles respectively of our sampled models. The dashed red lines are the model corresponding to the best fit parameters. The horizontal black dashed lines are global passive fraction for the lower mass galaxies at that redshift. is lower when the massive galaxy is star forming (although still higher than the global fraction). We interpret this as a measurement of how 1-halo conformity can manifest itself in the correlation function, although we note that this does not perfectly control for halo mass (as the passive and star-forming massive galaxies are likely centrals in haloes of slightly different masses -see section 5.3 for a discussion of how this could be controlled in a full HOD with quenching model). Galaxies are preferentially quenched as satellites when the central galaxy is quenched, and vice versa. We also see 2-halo conformity in our results in the sense that on scales larger than individual halos, the difference between the passive/star-forming low-mass cross-correlation amplitudes is greater when the massive galaxy is passive than when star-forming. Note we do not attempt to distinguish Figure 11 . Estimate of the probability of being quenched as a function of radial location from our best fit models when the central is passive (red), and when the central is star forming (blue). Full lines correspond to the pointwise 16th, 50th and 84th percentiles, dashed line to the quenching model of the best fitting parameters.
Redshift Range
between the weaker sense of 2-halo conformity (correlations that are a natural result of the fact that massive halos are typically near other massive halos, and massive objects typically host more quenched objects) and the stronger claim that there is an environmental effect over volumes of space much bigger than halos that can have an effect on galaxies. Hearin et al. (2016a) note that 1-halo conformity and 2-halo conformity are not necessarily separate effects, as satellites lived most of their lives as nearby central galaxies before accretion. Our results are consistent with the view presented using SDSS data at z ∼ 0 in Knobel et al. (2015); Paranjape et al. (2015) ; Pahwa & Paranjape (2017) that conformity is strong within haloes, but that correlations on scales larger than halo scales are simply a result of halo bias. Knobel et al. (2015) use the groups and halo masses of Yang et al. (2012) , and find that satellite galaxy sSFR is correlated with the sSFR of its central galaxy, at fixed halo mass, central and satellite stellar mass, distance from the centre of halo, and large-scale overdensity. Paranjape et al. (2015) show by generating mock catalogues that halo-halo correlations are not required to generate a signal on scales larger than individual haloes. Pahwa & Paranjape (2017) , similarly to our work, develop an approach to modelling the effects of conformity on clustering measurements using a modification of HOD schemes. They find using SDSS clustering measurements similar levels of 1-halo conformity to Knobel et al. (2015) , with no evidence for halo-halo correlations. Zu & Mandelbaum (2015 ) also provide a highly relevant evolution of the HOD model, fitting to clustering and galaxygalaxy lensing in SDSS, finding that models with halo mass as the sole driver of probability of being quenched fit the data best. Tinker et al. (2017) also find that halo-halo correlations are negligible using halo age matching models. At higher redshift, Kawinwanichakij et al. (2016) investigate conformity at 0.3 < z < 2.3, finding that conformity is most significant at to 0.6 < z < 1.6, and Berti et al. (2017) investigate 0.2 < z < 1, finding strong evidence for substantial conformity on scales < 1Mpc, and marginal evidence for a small amount of conformity on scales 1 − 3Mpc. There does certainly seem to be some dependence on the largescale density field in some contexts (e.g. the stellar to halo mass ratio is found to have a slight dependence on it in Cen & Safarzadeh 2014), but in summary most of the literature seems to find that conformity is only relevant on the scales of individual haloes, but can be significant up to z ∼ 1.5.
Quenching over cosmic time
Direct comparisons of measurements like 'passive fraction' and 'red fraction' in the literature are difficult a) because these measurements are functions of population, so comparisons are only direct between matched stellar mass ranges and redshifts etc. b) these fractions are dependent on choice of dividing colour or sSFR break and c) photometric sSFR values remain tentative, and can vary with what photometry is available and choice of templates etc. Nonetheless it is possible to see whether the broad picture suggested by our results is consistent with other studies.
Observationally, Woo et al. (2013) used the SDSS (z ∼ 0.1) to investigate the role of halo mass and location in halo on quenching. Their key findings were that environmental effects on quenching seemed more correlated with halo mass at fixed stellar mass, than with stellar mass at fixed halo mass, suggesting that halo mass was the more important factor. They found that quenched fraction increased with halo mass, and increased towards the centre of the halo, most notably in the central 0.1 − 0.3Rvir. This appears to be in contradiction to our results, which exhibit little radial dependence, but closer inspection shows that at ∼ 10 13 M , in the Great Observatories Origins Deep Survey and South Pole Telescope data (with some simulations reporting similar results e.g. Tonnesen & Cen 2014) . Our results are in general not supportive of the relation reversing (although more work is needed to confirm that environments and host galaxies etc. are being compared consistently) -the picture we see in our data is that of the relation weakening, until it only holds on small scales by z ∼ 1.5, and disappearing by z ∼ 2, which is the trend the weight of the literature appears to be behind. If the relation reversed, by higher redshifts one might expect to see the star forming lower mass galaxies being more clustered around our tracers of dense environments, the massive galaxies, and one might expect the biases of star forming galaxies to be higher than that of passive galaxies of the same mass at higher redshifts, which we do not see. However it will take more work on the development of incorporating quenching mechanisms into the HOD/clustering framework before we can be sure we are consistently comparing the same galaxies in the same environments between different probes of density.
With regards to understanding why it might be that the sSFR-density relation emerges only at later times, Peng et al. (2010) offers some possible insight. They study environment in SDSS and zCOSMOS up to z ∼ 1, looking at red/blueness in relation to local overdensity δ, and explicitly attempt to empirically model the measurements without the invocation of physical models e.g. the idea that galaxies live and are formed in halos. They find, among other things, that the differential effect of a given environment doesn't change with epoch, but that an environmental dependence of f red emerges over time, because galaxies move to higher overdensities as large scale structure grows in the Universe, not because there is any change over time of the effect of a given environment. They have a relative quenching efficiency, which characterises at fixed stellar mass how much more quenched galaxies are in some environment compared with some reference environment. This is in broad agreement with the picture suggested by our results, of the environment not yet having had enough time to have had effect at high redshift, and only coming into significance later than z ∼ 1. For understanding why there appears to be little radial dependence to the probability of quenching, McGee et al. (2014) discuss an updated view of the baryon cycle and the quenching of accreted satellite galaxies in halos. One paradigm of satellite quenching is that galaxies that are accreted are forming stars from a reservoir of gas, that is slowly removed from the stellar disk in the case of ram pressure stripping, or from the host sub-halo in the case of strangulation. However McGee et al. (2014) discuss observations and simulations that suggest a slightly different view -that star formation in field galaxies is driven by fresh inflows, as opposed to feeding on a reservoir. In this scenario, quenching of galaxies when they are accreted by a larger halo is a result of these inflows stopping, as opposed to gas from a reservoir being removed by any sort of stripping. McGee et al. (2014) discuss evidence that these inflows are stopped when the accreted galaxy passes ∼ 1.8Rvir, which could explain our lack of radial dependence; quenching merely depends on passing that radius, as opposed to some radius dependent stripping process.
With regards to the use of correlation functions to make inferences about environmental effects, Skibba et al. (2009) marked correlation function statistics using SDSS Galaxy Zoo data, where essentially the conventional correlation function is compared with a weighted correlation function e.g. galaxies could be weighted by their colour etc. Given that, as well as the colour-density relation, there is a morphology-density relation, it is natural to ask which came first e.g. is colour fundamentally tied to density, and the morphology-density relation just arrises because colour and morphology are correlated, or vice versa, or both/neither? They found that, at fixed colour, a correlation function marked by morphology had no enhancement. However, at fixed morphology (and luminosity), a correlation function marked by colour had substantial enhancement -suggesting that the colour-density relation is the more fundamental relation. This agrees with our results that correlation function measurements can give meaningful insight into the colourdensity relation, as well as being reassuring that colourdensity is the more fundamental relation to investigate (seeing as ground based surveys in general have comparatively little morphological information at high redshift).
Our results in terms of environmental dependence appearing in the 1-halo term agree well with Hearin et al. (2016a) , who suggest that there should be little to no conformity at high redshift, 1-halo conformity at intermediate redshifts, and be present in both 1-halo and 2-halo scales at redshifts towards z ∼ 0. This is very similar to the picture we see of no enhancement at high redshift, enhancement on small scales at intermediate redshifts, and enhancement on all scales at the lowest redshifts. Darvish et al. (2016) and Hartley et al. (2015) are perhaps the most similar study to ours. Darvish et al. (2016) look at galaxies with photometric redshifts up to z ∼ 3 in 2 sq deg of the COSMOS field, with a limiting K-band magnitude of 24. The use Voroni tessellation to give their density measure (in the manner of Darvish et al. 2015) , and find that at fixed stellar mass sSFRs are up to two orders of magnitude lower in denser regions, but that at higher redshifts (z > 1) this dependence essentially vanishes. This is in qualitative agreement with our result that the sSFR-density relation predominantly comes into action at lower redshifts. Hartley et al. (2015) (who implicitly also cross-correlate high and low mass galaxies) investigate radial profiles of satellite number densities around centrals for very similar stellar mass and redshift ranges to our work, also finding that passive satellites are preferentially located around passive centrals, and that the quenched fraction around star-forming galaxies was similar to the field quenched fraction. They found comparatively very little evidence for evolution, finding that environmental trends were still in place at z ∼ 2. Future data sets (e.g. the full 12 deg 2 of VIDEO) should be able to more definitively confirm whether or not the role of environment changes or not over cosmic time.
Future Development of the Approach
As discussed in section 5.1, the modelling discussed here relies on some approximations that start to fail in some regimes probed in this paper. In addition there are still degeneracies in the modelling, and Scenario 3 is less revealing than Scenario 1 or 2 as it does not allow discrimination between quenching from location in the halo, and quenching from proximity to galaxy. Both of these mean that a logical next step is to incorporate a quenching model for all halo masses and stellar masses, so that both central-satellites and satellite-satellite pairs can be incorporated, from all halo masses. As more data become available, and the model is developed, we believe that a more robust understanding of interactions between galaxies within a halo will be obtainable, and more definitive statements about the distribution of star formation in galaxies within a halo will become possible.
More complex scenarios, where the quenching mechanism is more complicated than considered here can be probed by simulating galaxy locations in halos, as we do for the auto-correlations of Scenario 1. The massive galaxy and less massive galaxy have locations in the halo drawn from a distribution that traces the halo profile. Then according to equation 11, the lower mass galaxy is determined probabilistically to be passive or star-forming. This allows us to construct essentially D1D2 of the correlation function, and therefore a 1-halo term corresponding to a physical quenching process. This can be used to measure the effects of multiple quenching sources in the same halo etc.
In general, for a model that specified galaxy occupation numbers and interaction terms, all possible auto and cross correlation 1-halo terms can be constructed in this Monte Carlo manner: 1) sample halo mass from the HMF 2) sample how many galaxies are in the halo (given an average occupation number as a function of halo mass and assuming Poisson) 3) sample locations for the galaxies within the halo 4) determine star forming/AGN/galaxy properties of choice for galaxies based on probabilistic model of galaxy interactions 5) record the number of galaxies of each species and all pairs of spatial separation. This allows one to construct all auto and cross 1-halo terms for arbitrarily complicated models of the halo environment. The parameters that describe the halo environment interactions can then be explored with MCMC techniques. This approach is much more computationally challenging than the cases for which analytic expressions are available, but may provide a useful intermediate between the cases described by analytic expressions, and a full-blown cosmological simulation. Another possible approach would be to 'graft' a galaxy occupation and interaction model on a dark matter only simulation as per the comprehensive Halotools code described in Hearin et al. (2016b) .
Once the physical model is used to construct the 1-halo term, it can be added to a 2-halo term, simply constructed by scaling the dark matter correlation function by the galaxy biases of the two samples, as discussed in section 3.2. This spatial cross-correlation function can then be compared with observations by projecting to an angular correlation function etc.
We note that understanding the cross-correlation function is important for other applications e.g. Croft (2013) consider a very similar scenario to us of high-mass galaxies cross-correlated with low-mass galaxies, for the purpose of detecting gravitational redshift-space distortions.
CONCLUSIONS
We have used data from the VIDEO survey to investigate the processes which results in environmental quenching and galactic conformity. In particular we have studied the crossclustering of galaxies with the two point cross-correlation function up to z ∼ 2, varying the stellar mass and star formation rates of the galaxies. Building on the JHOD formalism introduced by Simon et al. (2009) we used MCMC methods to explore the probability of a galaxy being quenched at different redshifts, different radial locations within a halo, and when the central galaxy was star forming or passive.
Key conclusions:
• Cross correlations between galaxy samples of different star formation rates contain information about the role of environment in determining whether a galaxy is star forming or passive
• Measurements of the cross-correlations suggest that the sSFR-density relation is non-existent/weak at z ∼ 1.75
• The sSFR-density/environmental quenching can be seen to emerge at z ∼ 1 and grows increasingly important towards z = 0 as galaxies are increasingly more likely to be quenched in group environments over the field
• Lower mass galaxies appear to be more likely to be quenched in the vicinity of a massive passive galaxy, than a massive star forming galaxy of the same stellar mass
• There appears to be little radial dependence for being quenched within a halo at lower redshifts, with some evidence for moderate dependancy at z ∼ 1.25, supportive of the quenching of accreted galaxies being caused by the cessation of fresh inflows of gas, as opposed to tidal stripping
• A quenching mechanism within a halo can be added into the HOD framework, and may be a promising approach for future environment studies, as well as being important to understand for advancing the HOD programme of understanding the galaxy-halo connection Planned future work will develop the formalism so that all halo masses are incorporated and properly controlled for. We suggest that in the future, this more sophisticated model, combined with bayesian model selection methods may allow one to discriminate between different forms of environmental quenching e.g. whether environmental quenching is really associated with halo mass, location in the halo, proximity to another galaxy or the presence of an active galactic nucleus.
